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Abstract. Beta-delayed proton emission from ^^Mg has been measured at ISOLDE, CERN, with a de¬ 
tection setup including particle identification capabilities. /3"delayed protons with center of mass energies 
between 0.39 MeV and 7.2 MeV were measured and used to determine the half life of ^^Mg as 118.6±0.5 ms. 

From a line shape fit of the Pp branches we extract spectroscopic information about the resonances of ^^Na. 
Finally an improved interpretation of the decay scheme in accordance with the results obtained in reaction 
studies is presented. 

PACS. 23.40.He Relation with nuclear matrix elements and nuclear structure - 27.30.-|-t 20 < A < 38 - 
29.30.Ep Charged-particle spectroscopy 


1 Introduction 

The decay of drip-line nuclei is characterized by the large 
available /3-decay energy which together with the small 
particle separation energy are responsible for the many 
open decay channels. At the proton drip-line we mainly 
observe /3-delayed single particle emission whereas beta- 
delayed multi-particle emission modes are more rare ^ 
\m\ . The study of such nuclear decay modes allows us 
to obtain detailed information about the level structure 
of the daughter nuclei and to characterize the ,5-decay 
strength distribution. From studies of the energy spectrum 
of the /3-delayed particles it is also possible to gain valu¬ 
able spectroscopic information about the particle emitting 
resonances like partial and total decay widths, spin, and 
parity - all from a detailed description of the line shape of 
the emitted particles. 

In the case of ^^Mg, Qec = 13.098(16) MeV [3], the 
j3^-decay to bound states of ^^Na has a branching ra¬ 
tio of 67(7)% [S]. The only other identified decay mode 
is /3-delayed proton emission to states in ^°Ne, but /3a, 
/3ap, and jPpa are all energetically allowed. As the sep¬ 
aration energies for such decays are quite high, Sa = 
6561.3(4) keV and Spa = Sap = 7161.5(3) keV [5, it is 
most likely to observe such low intensity decay modes 
as emissions from the Isobaric Analog State, IAS, with 

= I at an excitation energy of 8975(4) keV, as this 
state is strongly fed in the /3-decay due to the similarity 
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of the structure with the ground state of ^^Mg and the 
position of the IAS inside the Q^c-window. 


An earlier experiment by Sextro et al. [5] in 1973 used 
different AE-E Si telescope combinations to cover the 
entire energy range of the Qec energy window, and a 
helium-jet transport system to get the ^^Mg activity away 
from the driver beam. The energy resolution obtained de¬ 
pended on the detector combination used but ranged be¬ 
tween 25keV and 45keV FWHM. With this setup they 
reported 25 different /3p decay branches and placed upper 
limits on the intensity of the /3a decay branch between the 
IAS of ^^Na and the ground state of ^^F. A more recent 
experiment [5] also studied the /3-decay of ^^Mg but they 
did not observe all the /3p decay branches of [5]. However, 
they observed four /3p7 transitions. The proton intensities 
measured by [S] and [S] are not consistent. 

In Sect. we will describe the experiment including 
the beam production, the detection setup, and the en¬ 
ergy calibrations. In Sect. we go through the analysis. 
First we present the measured charged particle spectra, 
then we present an improved value for the half-life fol¬ 
lowed by a time distribution analysis. Finally we describe 
the line shape fit of the charged particles. In Sect, ^we 
present an improved interpretation of the decay scheme 
based on the current measurement in combination with 
recent ^°Ne(p,p) scattering experiments. 
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2 Experiment 

The experiment was performed at the ISOLDE facility [7] 
at CERN, Switzerland. 

2.1 Beam production 

The production of the exotic beam was achieved by 

using a SiC target bombarded with 1.4 GeV protons, and 
the laser ion-source RILIS [5] for isotope specific ioniza¬ 
tion of Mg. The 60 keV radioactive ion beam was guided 
through the High Resolution Separator (HRS) [7] to sepa¬ 
rate the desired Mg isotope from the isobaric background 
of Na. However, a significant Na contamination remained 
in the delivered beam due to the three orders of magni¬ 
tude larger production yield of Na over Mg and due to the 
closeness of the masses, AM = 13.098(16) MeV - the reso¬ 
lution of the HRS is M/AM = 5000. This contamination 
of Na was directly observed when the RILIS ionization 
of Mg was turned off - under such conditions no Mg was 
observed as expected. To further suppress the Na contam¬ 
ination we made use of the fact that the proton beam on 
the ISOLDE target is pulsed with pulse spacing a multi¬ 
ple of 1.2 s. This, together with the fact that ^^Mg and 
^^Na have a large difference in half-lives, 122(2) ms and 
22.49(4) s respectively |4j, and that the timescale for Mg 
ions to diffuse out of the target, be ionized, and trans¬ 
ported to the setup is of the order of 100 ms, provides a 
natural way of suppressing the isobaric contamination of 
Na by only letting the beam into the setup during the first 
300 ms following proton impact on target. From measure¬ 
ments on mass 20, which show a similar difference in the 
half-lives of ^°Mg and ^°Na, a ratio of = 40 was found 

- we assume the ratio to be of similar magnitude on mass 
21. An average of 390 ^^Mg ions per /iC of proton beam 
on target were delivered to the detection system over a 
total beam time of ~ 3.5 hours. The average proton cur¬ 
rent delivered on the SiC production target was ~ 1.9/xA 
resulting in approximately 9 • 10® ^^Mg ions delivered to 
the detection chamber. 


2.2 Detection system 

The experimental setup used for the measurement of the 
^^Mg /3-decay can be seen on Figure [ij It was designed 
to identify different low-energy, light, charged particles by 
the use of a Gas-Si-Si charged particle telescope with an 
opposing Si-Si telescope. The /3-particle response of the 
gas detector is very small and it allowed effective discrim¬ 
ination between /3-particles, protons, and a-particles. The 
beam of ^^Mg was implanted in the 1 /im thick polypropy¬ 
lene window (no. 4 in Figure confining the gas in the 
Gas-Si-Si telescope. The gas detector was backed by a 
300/rm thick silicon detector with a solid angle coverage 
of 7.1(9) %. It was further backed by a 500 /rm thick sili¬ 
con detector with a solid angle coverage of 3.6(1) %. Both 
silicon detectors were located inside the gas volume. The 
three detectors were circular with an area of 300 mm^. 



Fig. 1. (Color online) Drawing of the charged particle detec¬ 
tion setup. The beam is coming from the right, passing through 
the collimator (7) and is implanted in the polypropylene win¬ 
dow (4) of the gas detector (3). Behind the gas detector, sitting 
inside the gas volume, are placed two silicon detectors (1 and 
2), which in total form the AE-E-E charged particle telescope. 
Opposite to the Gas-Si-Si telescope is the Si-Si telescope with 
the DSSSD as the front detector (5) and backed by a thick 
silicon pad detector (6). 

The opposing Si-Si charged particle telescope consisted 
of a 61 /rm thick, 5x5 cm^ Double Sided Silicon Strip 
Detector (DSSSD) with a solid angle coverage of 7.7(3) %. 
It was backed by a 1000/rm thick silicon pad detector of 
the same area and with a solid angle coverage of 6.6(4) %. 
This telescope is ideal for measuring the intensities of the 
/3-delayed charged particles as systematic effects such as /3- 
summing are minimized due to the small solid angle of 
the individual pixels, Gpixei = 0.030(1) %. In addition, the 
two charged particle telescopes will in combination allow 
us to set coincidence or anti-coincidence gates which is a 
powerful tool in the identihcation of low-energy and low 
intensity branches. 


2.3 Energy calibration 

The geometry and energy calibrations of the DSSSD and 
the first silicon detector in the Gas-Si-Si telescope were 
made with the ^^Mg beam itself, as several strong /3- 
delayed proton branches are available and their energy is 
accurately known from reaction studies. For the first sili¬ 
con detector in the Gas-Si-Si telescope we used the protons 
with center-of-mass energies 1862(2) keV, 2036(5) keV, and 
4904(4) keV [5] - the three most intense proton lines. For 
the DSSSD we used the protons with center-of-mass ener¬ 
gies 1320(10) keV, 1862(2) keV, and 2036(5) keV [5], which 
are the three most intense proton lines that are stopped 
in this detector. The measured energy spectra can be seen 
in Figureand Figure]^ 
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For the energy calibration of the thick silicon pad de¬ 
tector backing the DSSSD a quadruple a-source was used 
(^^®Gd, ^^®Pu, As a-particles and protons 

have different stopping powers, the energy calibration will 
not accurately reproduce the proton energies. However, 
the stopping power can be divided into an ionizing part 
and a non-ionizing part. Both parts of the stopping power 
will differ for protons and a-particles and this effect can be 
corrected for as described in Ref. |T0]. Accordingly, the en¬ 
ergy calibration can be transformed by first correcting the 
energy deposited in the detector for the difference in the 
non-ionizing energy lost for the two types of particles. This 
is as an average over energy given as = 1 keV and 

(Z\i3„)4He = 9keV. Secondly, a correction for the differ¬ 
ence in the ionizing energy lost must be made. The ion¬ 
izing part of the energy lost by an a-particle can be cor¬ 
recting with the factor C(^H)/C'(^He) = 0.986(2), where 
C is the slope of a linear fit to the pulse height versus the 
deposited energy. 

The resulting linear energy calibrations give a FWHM 
energy resolution of 39.3(2) keV for the DSSSD, 53.9(3) keV 
for the sum spectrum of the Si-Si telescope detectors, and 
49.0(3) keV for the first silicon detector of the Gas-Si-Si 
telescope. These value s are obtained using the line shape 
described in Sect. 3.4 Eq. 0. 
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Fig. 2. (Color online) AE-E plot from the Gas-Si-Si telescope 
with the gas channel on the vertical axis and the deposited 
energy in the first silicon detector on the horizontal axis. The 
scaled stopping powers for a-particles and protons in silicon is 
shown on top of the data in dashed and solid red respectively. 
The graphical cut used for the a-particles is shown with the 
long dashed black closed line and the cut for the protons is 
shown by the solid black closed line. The events located at 
3.18 MeV in the silicon detector and above channel 2300 in the 
gas detector is contamination from a source of 


3 Analysis 


In Sect. 3.1 the measured spectra are presented with a 


focus on the new decay branches. In Sect. |3.2| the deter¬ 
mination of the half-life of ^^Mg is explained. Any new 
decay branches in the decay of ^^Mg could in principle be 
explained as isobaric contamination in the beam coming 
mainly from ^^Na as mentioned in Sect.j^ To rule this out 
a goodness-of-fit test of the time distributions of the new 
decay branches is performed in which the time distribu¬ 
tions are compared with the ^^Mg time distribution, this is 
presented in more detail in Sect. |3.3[ Finally in Sect. |3.4| 
a detailed analysis of the proton line shape is described 
from which spectroscopic information about the daughter 
nuclei is extracted. 


3.1 Spectra 

The data from the Gas-Si-Si charged particle telescope 
are presented as a AE-E spectrum in Figure Stopping 
power curves m for a-particles and protons in silicon 
are drawn in the figure. The stopping powers are rescaled 
in order to represent the total energy loss in the collec¬ 
tion foil, the gas detector, and the silicon dead layer. The 
data match the stopping power curves making it clear that 
both protons and a-particles are present in the collected 
data sample. This reveals the presence of the two decay 
modes I3p and f5a. A more detailed analysis of the /3a de¬ 
cay branches can be found in Ref. [T2] together with a 
discussion of the first observation of the rare /3pa decay 
mode. 


To get a clean proton spectrum from the Gas-Si-Si 
telescope two gates have been applied to the data. First, 
a gate to remove the response of the high energy protons 
that punch through the first silicon detector is applied. 
Second, a condition to reduce the /3-particle response and 
the recoils is applied. The same gate also reduces the 
number of a-particles in the spectrum. The condition is 
shown as the solid black closed line in Figure The re¬ 
sulting proton spectrum from the first silicon detector can 
be seen in Figure It is obvious that the gated proton 
spectrum has almost no background except below approxi¬ 
mately 1150 keV, where the /3-particle contribution cannot 
be completely removed. 

While the energy resolution achieved in this experi¬ 
ment is slightly worse than those of the earlier experi¬ 
ment [5], more statistics is collected, which makes it pos¬ 
sible to see low intensity transitions not observed before. 
In general, the proton spectrum exhibits the same fea¬ 
tures as observed in the previous measurements, how¬ 
ever, a closer look reveals several proton branches not 
previously observed with i3cm(pi)= 396(3) keV, Ecmipr) 
= 1427.1(9) keV, ^^^^(pg) = 1630.0(15) keV, E,^{p 23 ) = 
5171(7) keV, and i3cm(p28) = 7.2(3) MeV. The new pro¬ 
ton line P 28 is observed in the singles proton spectrum of 
the second silicon detector in the Gas-Si-Si telescope (see 
Figure]^ with 22(9) events after background subtraction. 

A new interpretation of the line shape of the peak P 2-4 
gives rise to three jSp transitions with energies: i 3 cni(p 2 ) = 
906.2(14) keV, E;cm(P 3 )= 919(18) keV, and Acm(P4)=936.8 
(13) keV. In [5] only one /3p transition was assumed here. 
More details can be found in Sect. 14.11 
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Fig. 3. (Color online) Proton singles spectrum in the Gas-Si-Si telescope with the proton center-of-mass energy shown. New 
proton branches are marked with a *. A ** indicates two new proton branches. Left: the first silicon detector (number 2 in 
Figure]^ of the Gas-Si-Si telescope. Right: the second silicon detector (number 1 in Figure]^ of the Gas-Si-Si telescope. Note 
that the energy calibration of the second silicon detector suffer from systematics. 




Fig. 4. (Color online) Proton singles spectrum in the Si-Si telescope with the proton center-of-mass energy shown. New proton 
branches are marked with a *. A ** indicates two new proton branches. Left: The proton energy, Eon, as measured in the 
DSSSD (number 5 in Figure]^. Right: The proton energy, Eon, as measured by the sum of the DSSSD and the backing silicon 
pad detector (number 6 in Figure]^. Note that pis punch-through the center part of the DSSSD but is stopped in the outer 
parts of the detector due to the larger angle of incidence. The proton branch p 28 is placed tentatively at the expected position 
in the energy spectrum. 


In the Si-Si telescope similar gates have been set to 
reduce the /3-particle response at low energies and to re¬ 
move punch-through and f3 particles in the DSSSD. The 
resulting proton spectra can be seen in Figure]^ and they 
show the same main features as in the Gas-Si-Si telescope 
except in the case of pi, which is hidden by the more pro¬ 
nounced /3-particle response of the DSSSD compared to 
the gas detector. 

Due to the better energy resolution in the DSSSD it 
appears that the proton line just above pi 2 , which in the 
Gas-Si-Si telescope looks like a single broad proton line, 
actually consist of two close lying proton lines, pi 3 and P 14 . 
Their energy is measured to be i 3 cm(pi 3 ) = 2263(4) keV 
and i 3 cm(pi 4 ) = 2302(2) keV. The proton line P 23 is also 


more pronounced in the Si-Si telescope than in the Gas- 
Si-Si telescope. 

3.2 Half-life determination 

The half-life of ^^Mg was determined from the time dis¬ 
tribution of the two most intense proton branches in the 
DSSSD, pio and pn. The time distribution, see Figure 
is fitted with a function describing the standard ra¬ 
dioactive decay law f{x) = po ■ pi- and the fitting 

parameters are minimized by the use of the MINOS error 
estimation technique in the MINUIT2 minimization pack¬ 
age. A standard Poisson log-likelihood method was used 
in order to include bins with zero counts and to obtain a 
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Fig. 5. (Color online) Half-life fit for the decay. Fitting 
is performed between 300-2400 ms. The lower limit is the time 
when the beam is no longer allowed into the detection setup 
and the upper limit is chosen to coincide with two times the 
ISOLDE target proton beam pulse distance of 1.2 s. At this 
upper limit in time there is no activity left. 


more reliable fit when small count numbers are present. 
The resulting half-life is T 1/2 = 118.6(5) ms with a x^/ndf 
= 1234/2099 = 0.59 which based on the result of [T^ is 
a good fit. The half-life obtained here and the previous 
evaluation of the half-life, = 122(2) ms [4], are within 
two standard deviations of each other. The uncertainty on 
our new determination is a factor of four lower. The new 
value of ri /2 = 118.6(5) ms will be used in the calculation 


of the log(/t)-values in Sect. 4.3 


3.3 Time distribution analysis 

As mentioned earlier the implanted ion beam is contam¬ 
inated with ^^Na, but other less produced contaminants 
could also be present. As the intensity of several of the 
new /3p branches is low, an additional cross-check of the 
assignment is desirable. This will be provided by analysing 
the time distribution of the events. 

The large difference in halflives of ^^Mg and ^^Na, 
118.6(5) ms and 22.49(4) s |1], and the fact that the proton 
beam on the ISOLDE target is pulsed with pulse spacing a 
multiple of 1200 ms, provide a natural way of distinguish¬ 
ing between the two decays. The timescale for Mg ions to 
diffuse out of the target, be ionized and transported to the 
setup is of the order of 100 ms, and the beam was let into 
the setup during the first 300 ms following proton impact 
on target. The resulting time distribution of the two de¬ 
cays is therefore somewhat complex. Since some of the /3p 
branches have quite low statistics it is better to compare 
their time distribution to a reference distribution rather 
than attempting a fit. To do this as efficiently as possi¬ 
ble a goodness-of-fit test based on empirical distribution 
function (EDF) statistics is employed. We note that this 
test will also be able to discriminate against contaminants 
from other activities appearing in the ion beam. 


Table 1. Established confidence levels for the three different 
statistical tests of the time distributions based on Monte Carlo 
simulations. The confidence levels are calculated for the hy¬ 
potheses that the time distribution in question belong to the 
decay of ^^Mg. Hence a good fit will have a confidence level 
less than 95 %. 


C.I.: 

75% 

85% 

90% 

95% 

97.5 % 

99% 

D 

0.98 

1.10 

1.18 

1.31 

1.43 

1.57 


0.21 

0.29 

0.35 

0.46 

0.57 

0.72 

A^ 

1.24 

1.63 

1.94 

2.49 

3.09 

3.85 


The EDF statistics [T3] are known to give more pow¬ 
erful goodness-of-fit tests than e.g. the often employed 
test. They compare the shape of the data sample with 
a reference shape by measuring the distance between the 
two cumulated distributions. For the case of binned data 
the experimental and reference distributions have values 
EDFi and Fi in bin i, and the most frequently used EDF 
statistics are m Kolmogorov-Smirnov 


D = '/N maXi\FDFi — Fi\, 


Cramer-Von Mises 

=NJ2{EDF,-F,fp„ 

i 


and Anderson-Darling 

^2 ^ ^y^iEDF^-F^ 

I ^ ^ 

where N is the total number of counts and pi is the prob¬ 
ability to be in bin i in the reference distribution. The 
values of these statistics corresponding to specific confi¬ 
dence levels must in the general case (where the reference 
distribution contains parameters and is fitted to the data) 
be found by simulations. In our case the reference distri¬ 
bution is taken to be the time distribution recorded for 
events within the proton gate in Figure and with energy 
above 1150 keV. This region is expected to contain only 
protons from the decay of ^^Mg. Since this is a fully spec¬ 
ified distribution, confidence levels should be close to the 
ones for a standard uniform distribution. We have carried 
out Monte Carlo simulations to evaluate the confidence 
levels with 40000 randomly generated spectra each with 
400 counts (varying the number of counts does not change 
the results much) and the resulting confidence levels are 
given in Table They are very close to the ones found for 
W'^ and for a uniform binned distribution in m and 
also close to the values for unbinned data, whereas our 
results for D are 0.05-0.15 lower than for the unbinned 
case. 

The described goodness-of-fit tests were applied to all 
the new decay branches and the results of the tests can be 
seen in Table except for the low energy proton branch 
Pi, which will be discussed below. For the proton branches 
P7, P9, and P 28 the goodness-of-fit tests return a confi¬ 
dence level lower than 85 %, i.e. the proton branches are 
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Table 2. Results of the three different goodness-of-fit tests 
of the time distribution to settle if the events in question do 
belong to the ^^Mg decay. To be compared with the confidence 
levels quoted in Table 



P3 

P7 

P9 

P28 

D 

1.22 

0.95 

1.03 

0.78 


0.33 

0.15 

0.21 

0.13 

A^ 

1.46 

1.01 

1.01 

0.86 


a better agreement with the time distribution than 

in adjacent rectangles - at lower and larger silicon channel 
numbers is signihcantly larger. It tells us that here we 
have a signal which could belong to a different time distri¬ 
bution than the general background in the region. As the 
position also coincides with the proton stopping power in 
silicon as shown in Figure we conclude that it is very 
likely to be a low energy f3p decay branch from ^^Mg with 
a large background of /3-particles from ^^Na. 



Fig. 6. (Color online) Result of the Anderson-Darling 
goodness-of-fit test, A^, of the /3-particle region in the AE-E 
plot with the ^^Mg(/3p) time distribution as the reference dis¬ 
tribution. The vertical axis shows the channel number of the 
gas detector and the horizontal axis shows the channel num¬ 
ber of the first silicon detector in the Gas-Si-Si telescope. The 
proton branch pi is marked with a black rectangle. 


consistent with coming from the ^^Mg decay. The result 
for p 3 varies among the three tests with the result of the 
Kolmogorov-Smirnov test being only marginally consis¬ 
tent with p 3 belonging to the decay of ^^Mg. However, the 
result of the Cramer-Von Mises test shows a confidence 
level smaller than 90% and the result of the Anderson- 
Darling test gives a confidence level smaller than 85 % 
which means that P 3 is also consistent with belonging to 
the ^^Mg decay. 

The proton branch pi is located in an energy region 
of Figure which contains both /3-particles from Na and 
Mg but also recoils. It means that we do not expect the 
goodness-of-fit test to confirm pi as part of the ^^Mg 
decay, which is exactly what we observe. We thus con¬ 
firm the reliability of the method. However, in order to 
support the assignment of pi we applied the Anderson- 
Darling goodness-of-fit test, A^, to the low energy region 
of the AE-E spectrum after having divided the region 
into small rectangles. The time distribution of the events 
in each rectangle was compared with the ^^Mg time distri¬ 
bution and the value of A^ for each rectangle can be seen in 
Figure For the time distribution of the individual rect¬ 
angles to have a confidence level smaller than 95 % a value 
of A^ < 2.49 is needed according to Table The interest¬ 
ing proton branch pi is marked with the black rectangle. 
Only for the events here does the goodness-of-fit test show 


3.4 Line shape fit for charged particles 

3.4.1 Line shape 

As a first order approximation of the line shape local fits 
with a normalized Gaussian distribution and a constant 
background were used to extract the number of protons 
measured. This is the same analysis method as used in 
[5]. However, this method turns out to give inconsistent 
results when comparing the Gas-Si-Si telescope and the 
Si-Si telescope results. Hence, a more physically correct 
line shape was developed to better account for the physics 
case. 

First, an approximation on the resonant behavior of 
the decay probability for /3-delayed emission of charged 
particles is made. As this is a very complex quantum me¬ 
chanical problem it is best solved with the R-matrix the¬ 
ory, m- However, we will use an approximation of the 
R-matrix theory by assuming non-interfering and narrow 
resonances, which gives a simple modeling of the decay 
probability as a Breit-Wigner distribution. The signature 
of interference and of broad resonances are an asymmet¬ 
ric line shape of the emitted charged particles which we 
will take into consideration when needed when fitting the 
observed spectrum. 

Second, the detector response is approximated as a 
normalized and integrated Gaussian distribution. This de¬ 
scribes the number of counts per channel in the detector 
from a monoenergetic beam and is a sufficient approxima¬ 
tion in this case. 

Third, the recoil broadening is not included in the final 
line shape. The reason is that the detector response broad¬ 
ening is larger than the recoil broadening and it will thus 
only give rise to a small perturbation on the determined 
widths. The maximum recoil shift Tmax will be between 
20-26 keV based on the expression given in m with the 
exact value depending on the excitation energy in ^^Na. 
Thus the FWHM of the recoil broadening, which will be 
less than 2-T„iax, is smaller than the best energy resolution 
discussed in Sect. 12.31 

The final function used for extracting the number of 
events in each peak, assuming a background level of zero, 
is 

m) =j 

r I 

^ ^{E- EoY + (r/2)2 ’ 


Erf 


E A — Eq 
V2a 


- Erf 


E — A — Eq 
V2cr 


( 1 ) 
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where Erf{x) = fj e du. The parameter A is the 
number of events in the peak, Eq is the centroid energy of 
the peak, a is the Gaussian width of the detector response 
function, which is the same as the detector resolution. The 
parameter A is half the bin-width of the spectrum, which 
is a fixed property of the individual spectra. Finally, E is 
the Breit-Wigner width of the resonance emitting the cor¬ 
responding charged particle. The convolution is performed 
numerically. 


3.4.2 Fitting procedure 

The fitting procedure adopted in the analysis is to first 
determine the Gaussian width a of the detector response 
by fitting a well known and narrow proton peak. For the 
DSSSD of the Si-Si telescope a fit to the proton line pio, 
emitted from the 4294.3(6) keV resonance in ^^Na, with 
the Breit-Wigner width fixed to the literature value Aot = 
3.93(10) keV gives a value of (tdsssd = 16.74(7) keV. For 
the silicon pad detector of the Si-Si telescope a fit to 
the proton branch P 22 , emitted from the 8975(4) keV IAS 
in ^^Na, with the Breit-Wigner width hxed to the liter¬ 
ature value Aot = 0.65(5) keV gives a value of Cpad = 
22.95(14) keV. For the first silicon detector of the Gas-Si- 
Si telescope both proton branch pio and P 22 were htted 
and a weighted average gives asii = 20.84(14) keV. The 
resulting FWHM values for each detector are quoted in 
Sect. ESI 

Having determined the detector energy resolution the 
corresponding parameter cr is fixed and the remaining pa¬ 
rameters are fitted. In principle the detector resolution 
could change with the energy of the proton but this is 
not taken into account. This fitting procedure will lead to 
an overestimation of the detector resolution a due to the 
recoil broadening of the line shape but will give a more ac¬ 
curate determination of E. However, as the FWHM of the 
recoil broadening changes as a function of excitation en¬ 
ergy in ^^Na it will lead to a systematic bias on the htted 
Breit-Wigner widths E. E.g. in the case of a pure Fermi /3 
decay the FWHM of the recoil broadening changes from 
25keV at an excitation energy of 4.0 MeV to 28keV at an 
excitation energy of 6.0 MeV and to 22 keV at the position 
of the IAS - see m Therefore a systematic uncertainty of 
the order of 3keV is estimated for the measured widths. 

We did not perform a full ht to the entire energy spec¬ 
trum of one detector but divided the energy spectrum into 
smaller regions and assumed that the background level 
was zero in each region. In regions with overlapping peaks 
the ht included all overlapping peaks with proper normal¬ 
ization for each peak. An example of a ht can be seen in 
Figure]^ In case the proton width of a resonance is known 
to be smaller than the detector resolution determined, the 
Breit-Wigner width E is hxed to the literature value. 

When htting the proton spectrum of the Gas-Si-Si tele¬ 
scope it was in a few cases necessary to hx the Breit- 
Wigner width E to the value obtained in the ht of the 
data from the Si-Si telescope - see Table for a specihca- 
tion of which cases (marked with ’*’). Also note that in the 
Gas-Si-Si telescope the proton lines P 24 , P 25 , and p 26 are 


/3-decay 



E (keV) 



Fig. 7. (Color online) Result of a simnltaneous fit of pio, pii, 
P 12 , P 13 , and pi 4 in the DSSSD proton spectrum. Both the 
combined (solid black) and the individual (dashed blue) line 
shapes are shown - only the combined line shape is restricted 
to the htting interval between 1.7 and 2.2 MeV. The residuals 
are drawn without indicating the uncertainty. 


close to the end of the dynamic range of the ADC in the 
first silicon detector. Therefore the determined widths will 
be smaller than the true value as the energy calibration 
will no longer be linear. 

It is important to note that the htted value of E will 
suffer from a systematic uncertainty when the detector 
resolution cr is larger than the Breit-Wigner width of the 
resonance. If E is much lower than cr we expect the value of 
E to be unreliable. However, as none of the resonances in 
^^Na have a measured width between 5-20 keV we cannot 
tell how far below the detector resolution we can trust the 
determined width E. Hence, for proton lines where the 
Htted E < a we assign the upper limit E < a. The Hnal 
results for the widths are presented in Table 

The quality of the Hts is in general poor based on the 
obtained x^/ndf which in most cases are similar to the 
value obtained in the Ht shown in Figure However, vi¬ 
sually the Hts appear to describe the line shape well. The 
reason for the large x^/ndf is mainly a too simple response 
function of the detector. In a few cases an asymmetric line 
shape cannot be explained with the chosen line shape and 
this will obviously also lead to high y^/ndf. 


3.4.3 Energy dependence of E 

In the case of the combined peak called P 2-4 the line shape 
is asymmetric on the high energy side as is evident on Fig¬ 
ure 1^ The presence of the low intensity proton branch p 3 
in this peak is known from |I2j . However, it is also known 
to be too weak to explain the asymmetric line shape as it 
is seen in coincidence with the a-particle called ai. Hence 
the proton branch p 3 is included in the following theoret¬ 
ical line shapes and the intensity of P 3 is Hxed relative to 
P5- 
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Table 3. Comparison of the fitted Breit-Wigner widths F with 
the known literature values. For references to the literature 
values see Table[^ An upper limit on F is set when the obtained 
value from the line shape fit is less than the Gaussian detector 
resolution. Such cases are assigned an upper limit F < a^et.- 
In a few cases it were not possible to perform the line shape 
fit either because of low statistics, the proton line is partly 
punching through the detector, or it is hidden in background. 
Note that the fit of pi suffers from large uncertainties due 
to the background and the width presented here is the best 
estimate. The numbers marked with a * means that the DSSSD 
value is adopted. 


Peak 

Fcas-Si (keV) 

TbsssD (keV) 

Hot (keV) 

Pi 

65(25) 

- 

21(3) 

P2 

23(13) 

< 17 

- 

P3 

0.65 

0.65 

0.65(5) 

P4 

132(6) 

104(2) 

112(20) 

Ps 

0.01550 

0.01550 

0.01550(14) 

P6 

< 21 

< 17 

- 

P7 

53(4) 

44(4) 

32(9) 

PS 

0.65 

0.65 

0.65(5) 

P9 

56* 

56(6) 

- 

PlO 

3.93 

3.93 

3.93(10) 

Pll 

23.2(3) 

18.3(2) 

21(3) 

P 12 

26(2) 

< 17 

- 

Pl3 

64* 

64(12) 

- 

Pl4 

0.65 

0.65 

0.65(5) 

Pl5 

136(3) 

- 

- 

PI 6 

235* 

235(10) 

- 

Pl7 

133* 

133(16) 

112(20) 

Pis 

173(4) 

163(3) 

145(15) 

Pl9 

< 21 

< 23 

- 

P 20 

< 21 

23(5) 

30(13) 

P 2 I 

145(7) 

145(5) 

138(16) 

P 22 

0.65 

0.65 

0.65(5) 

P 23 

- 

204(30) 

112(20) 

P24 

< 21 

71(12) 

- 

P 25 

< 21 

19(4) 

30(13) 

P26 

- 

173(19) 

138(16) 

P 27 

0.65 

0.65 

0.65(5) 

P28 

- 

- 

256(20) 


The observed asymmetric line shape of P 2-4 suggests 
either that the peak has more than two components, that 
interference effects with ps are present, or the width of the 
emitting state is large resulting in an energy dependence 
of the Breit-Wigner width as a result of the penetrabil¬ 
ity of the emitted charged particle through the Coulomb 
barrier. As the penetrability increases with the center-of- 
mass energy, this effect would give rise to an enhancement 
of the line shape towards the high energy side as observed. 
In the previous measurement [5] the peak was assumed to 
originate from a single transition. 

In order to test if the asymmetric line shape is caused 
by an energy dependent F, a refined line shape is used 
to fit P 2 - 4 . By changing the fitting parameter F in the 


following way: 


F ^ F{Eo) 


P{E,L) 

PiEo,L) 


( 2 ) 


where P{E,L) is the penetrability, L is the angular mo¬ 
mentum, and Eq is the centroid energy, it is possible to 
model the behavior caused by the changing penetrabil¬ 
ity. The penetrability is calculated with the algorithm 
from m and with the nuclear radius parameter set to 
To = 1.4fm. As it is evident from Figure]^ the chosen 
theoretical line shape does not reproduce the observed line 
shape very well (see the thick full drawn curve, x^/ndf = 
147.5/29 = 5.1). 

Another possible explanation of the observed line shape 
could be the presence of an additional proton branch in the 
peak P 2 - 4 . Hence a theoretical line shape including two 
proton branches and the low intensity proton branch p 3 
is fitted to the data. This second line shape, which is also 
shown in Figure reproduces the data much better (see 
the thick dashed curve, x^/ndf = 41.0/26 = 1.6). How¬ 
ever, the asymmetric line shape could in principle also be 
explained by interference. A further discussion of the in¬ 


terpretation of the line shape will be presented in Sect. 4.1 


Proton branch P 15 suffers from a similar asymmetric 
line shape on the high energy side. As for P 2-4 the ob¬ 
served line shape cannot convincingly be reproduced by 
including the effect of the penetrability. Hence, as for P 2 - 4 , 
the line shape must be explained either by a second com¬ 
ponent in the peak or interference effects with other pro¬ 
ton branches. A further discussion of these two options 


will be presented in Sect. 4.1 


4 Results 

We present an improved interpretation of the decay scheme 
and we determine the absolute particle intensities and the 
log(/<)-values of the beta-decay. 


4.1 Interpretation of decay scheme 

A detailed interpretation of the decay scheme has been 
performed based on the spectroscopic properties deter¬ 
mined by the line shape fit of the individual decay branches 
as described in Sect. 13.41 For an overview of the new in¬ 
terpretation see Tablej^and Figurej^ First, the measured 
energy of the charged particle together with the known 
levels in ^^Na, which can be populated by allowed /3-decay 
transitions, were matched up under the assumption of no 
new resonances in either of the daughter nuclei. Second, 
the measured relative particle intensities of each decay 
branch were compared to the known partial decay widths 
to establish if the assignments of ground state and excited 
state transitions from a given resonance in ^^Na have the 
correct intensity ratios - several examples are given below 
where the total resonance width Ttot is compared with the 
elastic proton scattering width Tp^ei.. Third, the known 
total widths of the ^^Na resonances Aot were compared 
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Ecm (keV) 


Fig. 8. (Color online) Two line shape fits with different as¬ 
sumptions about the contributions to the energy region are pre¬ 
sented. The thick full drawn curve (black) assumes one broad 
proton branch with an energy dependent F as described in the 
text (L = 0 and ro = 1.4 fm), the low intensity ps, and ps. The 
thin full drawn curves (blue) are the individual line shapes con¬ 
tributing to the total line shape. Changing the value of L does 
not change the fit significantly. The thick dashed curve (black) 
assumes two proton branches, both with a constant F, instead 
of the broad proton branch. Again the low intensity ps and ps 
is included in the fit. The thin dashed curves (blue) are the 
individual line shapes contributing to the total line shape. 


with the measured widths F of the individual particle de¬ 
cay branches obtained from the line shape fit. 

As many of the known partial and total decay widths 
have been measured in ^'^Ne(p, p) scattering experiments 
after the work of [5], see (EUSQ], as well as a more recent 
measurement of yp coincidences, the present interpreta¬ 
tion has a more solid foundation. 

In the process of modifying the decay scheme we have 
discarded 5 out of the 25 previously reported (Up branches. 
We also eliminate the 5979(15) keV resonance in ^^Na, 
which together with the 5380(9) keV resonance only have 
been suggested in [^. In the new interpretation we have 
identified 28 different proton branches from the decay of 
^^Mg including seven new low intensity /3p branches and 
one new low intensity fipa branch (proton peak p 3 , see 

m)- 


Asymmetry of P 2-4 and P 15 : As already mentioned in 
Sect. 3.4.3 the combined line shape of P 2-4 is asymmetric 
and it was shown that the line shape cannot be explained 
by one proton branch emitted from a broad resonance, 
which would give rise to an energy dependence through 
the penetrability. The observed line shape is much better 
described by replacing the one broad proton branch by 
two proton branches. However, the line shape may also 
be explained by interference effects, which would require 
proton emission from two close lying resonances in ^^Na 
with the same values of I'^ and going to the same reso¬ 
nance in the particle daughter ^°Ne. It is possible to have 


such interference with ps but it would mean a new inter¬ 
pretation of the peak P 2 - 4 . In this case will the peak P 2-4 
consist of one proton branch which interferes with ps and 
it is sitting on top of the low intensity P 3 . It would, how¬ 
ever, require to place the single proton branch and ps as 
proton emission from the 8303(13) keV and 8464(15) keV 
resonances, respectively. However, this new position of the 
two branches in the decay scheme, which is necessary to 
fulfill the conditions for interference, are unlikely as the fi¬ 
nal state would have to be the 2 “ resonance of ^°Ne. Also, 
it is rather unclear if ps really is asymmetric on the low 
energy side or if it is a distortion of the line shape caused 
by a partial overlap with p 2 - 4 . 

A less problematic interpretation is to assume three 
components in the peak P 2-4 as is demonstrated in Fig¬ 
ure 1^ As a consequence ps does not have to be placed 
as the only proton branch from the 8464(15) keV reso¬ 
nance of ^^Na as required by the interference interpreta¬ 
tion. Instead it can be placed much more convincingly as 
the ground state transition from the narrow 3544.3(4) keV 
resonance. Another advantage from the three component 
interpretation is that the relative broad proton branch p 4 
solves the problem with the decay of the 7609(15) keV 
resonance. With the ground and first excited state tran¬ 
sitions assigned to P 23 and P 17 , the ratio of measured to¬ 
tal and elastic proton scattering widths, /tot and Tp,ei., 
does not agree with the ratio of the measured intensities: 


{ F,g!> A 
V A,tot / 

pared with ^ 


(fc) 


exp 


^Ptgs 

Fat 


, re} 


= 0.41(7), which should be com- 
= 0.11(3) from the known widths. 


The agreement becomes much better by including p 4 as a 


transition to the second excited state of ^°Ne, ^ ^ = 

/jo \ exp 

V ) ~ 0.17(2). The only remaining problem is the 


narrow proton branch p 2 , which does not fit convincingly 
in the known level scheme, however, it is tentatively as¬ 
signed to the 8303(13) keV resonance. 

Another proton branch, pis, was also mentioned in 
Sect. 3.4.3 as having an asymmetric line shape. As for 
P 2-4 the asymmetry cannot be explained by the energy 
dependent width. In the case of P 15 the addition of a sec¬ 
ond component does give a much better fit of the observed 
line shape, however, the additional proton branch does not 
match the known level scheme. In fact the same problem 
was encountered by [5] and it is a clear sign that another 
explanation should be found. However, the line shape can 
possibly be explained by interference with pn which is 
the most intense of the /3p branches from ^^Mg. Both pro¬ 
ton branches have the ground state of ^°Ne as the particle 
daughter and as the 5020(9) keV resonance of ^^Na, the 
parent state of P 15 , has unknown J'^, interference is only 
possible by assigning a value of /’^ = | to this resonance. 


4467.9(7) keV resonance: The new proton branch pi with 
Fcm = 396(3) keV, which is only visible in the Gas-Si- 
Si telescope as the /3 response of the DSSSD extends to 
higher energies, can only be placed at one position in 
the decay scheme on the basis of energy considerations. 
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The line shape fit of pi suffers from background con¬ 
tamination which makes the uncertainty of the param¬ 
eters large. Hence, we estimate the width of pi to be 
-Hosssd = 65(25) keV, which is in part based on the value 
obtained in the line shape fit. 


5380(9)keV resonance: Proton branch pg is interpreted 
as in [S] even though the 5380(9) keV resonance in ^^Na is 
only seen in ^^Mg decay. However, in this excitation energy 
region ^°Ne(p,p) experiments have not been performed. 
Looking at the measured center-of-mass energy there is 
basically only one other possible parent resonance for pg 

- the 8715(15) keV resonance with = 3/2+, Plot = 
360(25) keV, and Tp^ei. = 160(13) keV. It means that if 
proton branch pg were emitted from the 8715(15) keV res¬ 
onance there would also have been a strong proton emis¬ 
sion to the ground state of ^°Ne with Ecm = 6283 keV 

- this decay branch is clearly not seen in the data (it 
would be 100 keV below P 26 )- Another fact in favor of 
the 5380(9) keV resonance as the parent is the measure¬ 
ment of /dsssd < 17keV which rules out the very broad 
8715(15) keV resonance. Finally, in this proton line is 
observed in coincidence with a 1634 keV y-ray confirming 
the assignment of pg as a transition to the first excited 
state of ^°Ne. 


6165(30) keV resonance: The proton branch pi 2 with 
Ecm = 2143.7(4) keV could also be placed with the 8827(15) 
keV resonance based on the center-of-mass energy. But 
the measured width of pi 2 , Tdsssd < 17keV, does not fit 
well with Ttot = 138(16) keV. Hence pi 2 is assigned to the 
6165(30) keV resonance instead, which has an unknown 
total width. 


7609(15) keV resonance: The total width of the reso¬ 
nance is known to be /tot = 112(20) keV and the elastic 
proton scattering width to be Tp,ei. = 12(3) keV, see Ta- 
ble[^ The new proton branch P 23 with Ecm = 5171(7) keV 
is placed here as a ground state transition to ^°Ne. Both 
the energy and the width of the proton line, /dsssd = 
204(30) keV, are consistent with this assignment. The pro¬ 
ton line P 17 is placed as the decay branch to the first 
excited state of ^°Ne, which is consistent with both the 
energy and the width, Eusssd = 133(16) keV. As the 
transition to the second excited state we have placed p 4 
with Ecm = 936.8(1.3) keV and a width of /dsssd = 
104(2) keV - both are consistent with the assignment. Ne¬ 
glecting the low intensity decay branches of 7 emission 
from the resonance we have the following approximate re- 


’•9“ ^ _ ( £p^M±\ 
,tot ) V Hot ) 

/ r \ 

pared with ( \ 


exp 

= 0.17(2) which should be com- 
= 0.11(3) from the known widths. 


The result allows for some strength to the third excited 
state yet to be found, however, it is expected to be a weak 
decay branch based on the = 2 “ property of the third 
excited state. 


Note that by reinterpreting P 17 no evidence now exist 
for the presence of the 5979(15) keV resonance, which was 
introduced by [S] to explain the proton line P 17 . 


8135(15) keV resonance: Proton branch p 7 with Ecm = 
1427.1(9) keV is tentatively placed with the 8135(15) keV 
resonance as the parent. Based on the energy it could also 
match with the 8827(15) keV resonance, however, the mea¬ 
sured width of the proton line shape agrees better with 
the 8135(15) keV resonance assignment as it has T^ot = 
32(9) keV. It is a problem that the ground and first ex¬ 
cited state transitions are not observed, however, hints of 
a proton line below P 24 are clear, which could be explained 
as the missing ground state transition. But other expla¬ 
nations are also possible and better data with 7 -proton 
coincidences is needed. 


8303(13) keV resonance: The resonance in ^^Na at an 
energy of 8303(13) keV is only observed in the ^^Na(p,t) 
experiment by | 21 j and in the ^^Mg /3-decay experiment 
by [5]. It has tentatively been assigned = (|, |, |)+ 
on the basis of the /3-decay experiment. However, it is 
not observed in a ^°Ne(p,p) scattering experiment |19) . 
which cover the relevant region of excitation energies in 
^^Na. The absence of the 8303(13) keV resonance in the 
scattering experiment could mean that it does not exist, 
however, the proton line pig is known from jp coincidences 
[B] to belong here. The measured width of pig is /dsssd < 
23keV, which constrains the total width of the resonance. 

The three proton lines p 2 , pg, and P 24 can only be 
placed with this resonance as the parent when considering 
the energies. But when turning to the observed widths of 
the individual proton lines it is clear that an assignment 
of the three proton lines to the 8303(13) keV resonance 
can only be tentative and better data is needed to make 
a conclusive assignment. 


8397(15) keV resonance: The proton lines P 20 and P 25 
are placed here as the ground and first excited state tran¬ 
sitions to ^°Ne. Based on the measured widths from the 
DSSSD, T(p 2 o) = 23(5) keV and T(p 25 ) = 19(4) keV, we 
can state that the total width of the resonance should be 
below the present literature value Etot = 30(13) keV as 
our measurement has a smaller uncertainty. 


8827(15) keV resonance: The 8827(15) keV resonance is 
the parent of proton branch p 2 i and pge- Neglecting the 
low intensity decay branches of a and 7 emission from 
the resonance we have the following approximate result 


( 7 ^^) “ ~ 0.21(2) to be compared with 

/r \’’®/ 

V ~ 0.28(5). The two numbers agree within one 


standard deviation and as the decay branch a 2 , which also 
goes through this resonance, is tiny the assignment of P 21 
and P 26 to the 8827(15) keV resonance is consistent. 
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Table 4. i3cm in keV and relative proton and a particle in¬ 
tensities with respect to pn compared to earlier results [5ll6| . 
We adopted the values from the Si-Si telescope due to less /3- 
summing and better background reduction by the use of the 
DSSSD. However, for pi, pis, and p 2 s the value from the Gas- 
Si-Si telescope is adopted. Note that the relative intensity of 
P 3 and a\ is the same as they are emitted in coincidence as a 
Ppa decay branch. For more details on the j3a and ppa emis¬ 
sions see [12]. pi3-pi4 and p 2 -p 4 were observed as a single 
proton line in [5115] . 



(keV) 

Relative intensity (%) 


This work 

This work 


m 

Pi 

396(3) 

3.91(45) 

- 

- 

P2 

906.2(14) 

2.0(5) 

#16.6(6) 

#8.3(35) 

P3 

919(18) 

0.28(3) 

#16.6(6) 

#8.3(35) 

P4 

936.8(13) 

19.4(5) 

#16.6(6) 

#8.3(35) 

P5 

1101.8(3) 

3.34(6) 

4.3(6) 

8.6(23) 

P6 

1315.7(1) 

20.01(15) 

23.3(17) 

18.1(33) 

P7 

1427.1(9) 

2.84(11) 

- 

- 

P8 

1564.0(3) 

4.66(9) 

6.3(6) 

- 

P9 

1630.0(15) 

2.95(17) 

- 

- 

PlO 

1860.62(8) 

44.05(24) 

51.4(21) 

46.1(73) 

Pll 

2036.75(8) 

100.0(4) 

100.0(15) 

100(15) 

P 12 

2143.7(4) 

4.58(14) 

8.3(10) 

- 

Pl3 

2263(4) 

3.79(55) 

#4.6(4) 

- 

Pl4 

2302(2) 

0.73(20) 

#4.6(4) 

- 

Pis 

2587.2(14) 

20.89(24) 

7.6(20) 

7.0(21) 

- 

- 

- 

2.9(10) 

- 

- 

- 

- 

3.3(2) 

- 

PI 6 

3443(2) 

34.6(31) 

5.9(3) 

<21.5(35) 

P 17 

3585(4) 

8.0(15) 

4.5(5) 

<11.8(22) 

- 

- 

- 

1.3(1) 

- 

- 

- 

- 

1.3(2) 

- 

- 

- 

- 

3.6(5) 

- 

PI 8 

4054.5(10) 

33.58(2.45) 

10.3(4) 

9.3(19) 

Pl9 

4256.7(12) 

1.99(20) 

2.5(2) 

4.4(13) 

P 20 

4356.0(16) 

1.94(19) 

1.0(2) 

- 

P 21 

4769(2) 

10.9(8) 

2.5(5) 

- 

P 22 

4912.5(2) 

24.29(176) 

14.9(7) 

24.7(43) 

P 23 

5171(7) 

5.63(75) 

- 

- 

P24 

5868(3) 

1.56(18) 

0.5(6) 

- 

P 25 

5983.2(13) 

1.37(13) 

0.7(6) 

- 

P26 

6388(5) 

2.86(29) 

0.6(9) 

- 

P 27 

6536.9(3) 

8.85(65) 

5.5(4) 

9.7(18) 

P28 

7200(300) 

0.05(2) 

- 

- 

ai 

882(15) 

0.28(3) 

- 

- 

OL2 

2201(25) 

0.11(1) 

- 

- 

as 

2397(3) 

1.79(5) 

- 

- 

a4 

2700(42) 

0.10(1) 

- 

- 

as 

3060(80) 

0.04(1) 

- 

- 


8975(4) keV resonance (IAS): As expected several pro¬ 
ton branches originate from the IAS: pa, pg, pi 4 , P 22 , and 
P 27 . Including the a emission but neglecting the low in¬ 
tensity decay branches of 7 emission from the resonance, 

we have the following approximate result ~ 



= 0 . 22 ( 2 ) to be compared with 



0.18(2). The two numbers are consistent with each other 
and the measured /3-decay strength to the IAS is con¬ 
sistent with the sum rule {EBp = Z — N) within one 
standard deviation. Also note that the assignment of P 22 
with the IAS has been confirmed by the measurement of 
7 P coincidences |S]. 


9725(25) keV resonance: As the energy calibration of 
the second silicon detector in the Gas-Si-Si telescope suf¬ 
fers from large uncertainties it makes it difficult to place 
P 28 in the decay scheme. However, it is certain that the 
^^Na resonance emitting the proton is located above the 
IAS as P 27 is a transition between the IAS and the ground 
state of ^°Ne - see Figure [3 Based on the ^°Ne(p,p) scat¬ 
tering experiment in Ref. three resonances above the 
IAS are available for allowed /3-decay of ^^Mg and are 
therefore possible candidates: 8981(15) keV, 9155(15) keV, 
and 9725(25) keV. We favor the 9725(25) keV resonance as 
the parent of p 28 as the /3a branch as has to go through 
this resonance based on the measured Ecm- A further ar¬ 
gument is that also a 4 is most likely emitted from this 
resonance. Even though this resonance emits a-particles 
a calculation of the reduced widths, 7 c/ 7 sp, shows no ev¬ 
idence for a-clustering. 

In the proton spectrum of the Si-Si telescope, see Fig¬ 
ure 1^ the proton line p 28 is tentatively placed at the ex¬ 
pected energy. A similar structure to the one observed 
at energies above the peak P 27 , where the proton branch 
P 28 is observed, is seen in the energy region between P 22 
and P 24 . Studying closer the energy region just below P 24 
hints of a weak, but broad proton line are observed at 
a center-of-mass energy of 5600-5750 keV. Together with 
considerations on the intensity it can be assigned as pro¬ 
ton emission from the 9725(25) keV resonance to the first 
excited state of ^°Ne. Alternatively it can be assigned as 
the ground state transition from the 8135(15) keV reso¬ 
nance. As the 9725(25) keV resonance is broad, T/ot = 
256(20) keV, the energy dependence of the /3-phase space 
factor may explain both the structure between P 22 and P 24 
and the structure above P 27 . However, the present data is 
not sufficient to confirm this hypothesis. Future experi¬ 
ments should hopefully be able to solve this issue. 

The improved decay scheme proposed for the ^^Mg 
/3-decay is shown in Figure and in Table the corre¬ 
sponding known total widths and the known elastic pro¬ 
ton scattering widths are given. All of the ambiguities in 
the interpretation of the decay scheme could in princi¬ 
ple be solved by a dedicated measurement of the decay 
with both 7 -ray and charged particle detection. Any co¬ 
incidence spectra of charged particles and 7 -rays will give 
a clear signature of the resonances responsible for the de¬ 
cay branch. The most intense j3p transitions to excited 
states in ^°Ne have already been measured in coincidence 
with the 1634 keV 7 -ray from the de-excitation of the first 
excited state in ^°Ne [5]. However, to observe 7 p coinci¬ 
dences from the less intense transitions considerably more 
statistics is required. 
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Table 5. Left part of the table compares the weighted average of the ^^Na resonances with the literature energies. Previous 
knowledge about the ^^Na resonances are also presented. Here is the spin and parity, /tot is the total width of the resonance, 
and /’p,ei is the elastic proton scattering width of the resonance. If /’^ = (§> I’ 1)^ i® marked by a The right part of the 
table shows the new interpretation of the decay scheme. If the proton line is in italic, pi, the assignment is not conclusive. An x 
marks an unobserved but energetically allowed proton emission. The particle emission thresholds are Sp(^^Na)= 2431.68(28) keV 
and Sa(^^Na)= 6561.3(4) keV, [1]. The quoted uncertainties on the weighted average of the ^^Na resonances, , do not 

take the calibration uncertainty into account - only the statistical uncertainty from the fit. 


£;*(=^Na) 

-^meas. (kcV) 

r 

Hot (keV) 

rp,ei. (keV) 

Reference 


^°Ne resonances 

(MeV, r) 








0 . 0 , 0 + 

1.63, 2+ 

4.25, 4+ 

4.97, 2- 

5.62, 3^ 

0.0, T= 1 


3 / 2 + 

- 

- 







331.90(10) 


5 / 2 + 

- 

- 







1716.1(3) 


7 / 2 + 

- 

- 







3544.3(4) 

3533.5(4) 

5 / 2 + 

0.01550(14) 

- 

12 ^ 

P5 





4294.3(6) 

4292.3(3) 

5 / 2 + 

3.93(10) 

- 

[2^ 

Pio 

X 




4467.9(7) 

4468.4(3) 

3 / 2 + 

21(3) 

Observed 

m 

Pll 

Pi 




5020(9) 

5018.9(14) 

3 / 2 + 

- 

- 


Pl5 

X 




5380(9) 

5381.1(3) 

# 

- 

- 


X 

P6 




5770(20) 

- 

# 

~20 

- 

m 

X 

X 




5884(20) 

5874.8(24) 

# 

- 

- 


P 16 

X 




5979(15) 

- 

# 

- 

- 


X 

X 




6165(30) 

6209.1(5) 

# 

- 

- 


X 

P 12 




6341(20) 

6328(4) 

# 

- 

- 


X 

Pl3 




6468(20) 

6486.2(10) 

3 / 2 + 

145(15) 

130(12) 

m 

P 18 

X 




7609(15) 

7620(2) 

3 / 2 + 

112(20) 

12(3) 

m 

P23 

Pl7 

P4 

X 


8135(15) 

8106.5(13) 

5 / 2 + 

3(9) 

7(3) 

m 

X 

X 

P7 

X 

X 

8303(13) 

8312.8(8) 

# 

- 

- 


P24 

Pl9 

P9 

P2 

X 

8397(15) 

8417.5(10) 

3 / 2 + 

30(13) 

5(2) 

m 

P 25 

P 20 

X 

X 

X 

8464(15) 

- 

3 / 2 + 

25(9) 

5(1) 

m 

X 

X 

X 

X 

X 

8562(15) 

- 

3 / 2 + 

< 20 

1.0(5) 

m 

X 

X 

X 

X 

X 

8595(15) 

- 

5 / 2 + 

138(15) 

25(5) 

m 

X 

X 

X 

X 

X 

8715(15) 

- 

3 / 2 + 

360(25) 

160(13) 

m 

X 

X 

X 

X 

X 

8827(15) 

8833(2) 

5 / 2 + 

138(16) 

38(5) 

m\ 

P26 

P 21 

X 

X 

X 

8975(4), T= 1 

8971.1(2) 

5 / 2 + 

0.65(5) 

0.117(10) 

Eq] 

P 27 

P 22 

Pl4 

P8 

P3 

8981(15) 

- 

5 / 2 + 

23(16) 

2.5(1.0) 

m 

X 

X 

X 

X 

X 

9155(15) 

- 

3 / 2 + 

34(13) 

8 (2) 

m\ 

X 

X 

X 

X 

X 

9280(30) 

- 

# 

- 

- 


X 

X 

X 

X 

X 

9725(25) 

9632(300) 

3 / 2 + 

256(20) 

136(15) 

m 

P28 

X 

X 

X 

X 


4.2 Relative proton intensities 

Based on the line shape fit of the proton spectrum the 
relative branching ratios have been determined. The re¬ 
sults can be seen in Table including a comparison with 
earlier works [SE]. The new values are expected to be 
more reliable than the old values because of the use of a 
more reliable line shape, which accounts for the physics 
better than that previously used. Also the relative pro¬ 
ton intensities are based on the data obtained with the 
Si-Si telescope, which has several advantages. First, the 
DSSSD has a better energy resolution than the Gas-Si-Si 
telescope. Second, the amount of ,d-summing is minimal 
due to the small solid angle of each of the 256 pixels of the 
DSSSD, I7pixei = 0.030(1) %. Third, the data acquisition 
threshold on the gas detector is cutting part of the high 
energy protons - cf. Figure 

To obtain consistent relative proton intensities from 
the Si-Si telescope it is important to be aware of the dif¬ 
ferent solid angles for the two detectors. To remedy this a 
scaling factor has been applied to the number of protons 
extracted from the back detector which is just the ratio of 
the solid angles: = 1.17(8). 


4.3 Absolute intensities and /3 branching ratios 

The measured relative proton intensities as quoted in Ta¬ 
ble 0 follow the same systematic trend with respect to [5] 
as the data of [5], i.e. for pi to pi 4 the relative proton 
intensities tend to be systematically lower while for pis to 
P 28 the relative intensities tend to be systematically larger. 
This indicates that the experiment of is suffering from 
a systematic error. Hence we use the results of [6] to scale 
the measured relative proton intensities to get the abso¬ 
lute proton intensities. From the ratio of the measured 
absolute and relative intensities of proton branch P 22 and 
P 28 we get the relevant scaling factor to be /? = 0.057(9). 

From the four observed /3a branches we extract the 
relative a-particle intensities with respect to the proton 
branch pn in the same way as for the relative proton in¬ 
tensities. Then the absolute a-particle intensities are de¬ 
termined by use of the scaling factor R in the same way 
as it was done for the protons. 

The /3-decay branching ratios are then calculated di¬ 
rectly from the absolute proton and a-particle intensities 
as the 7 -decay widths are of the order 10 ^ to 10 ^ times 
smaller than the charged particle decay widths. Hence 







M. V. Lund et al.: /3-decay 


13 


7.162 0+ 

p + q:+^®0 


13.098 5/2+ 


2iMg 



2meC^ 


0.332 5/2+ 


0-0 21 ^^ 3 / 2 + 

Fig. 9. (Color online) Decay scheme of the /3-decay. Only levels populated in the /3-decay are shown. Resonances in ^^Na 
that can be populated in allowed /3-decay of ^^Mg but with no definite assignment of the spin have not been assigned any spin 
and parity on the figure, i.e. 


we do not correct the absolute intensities for the possi¬ 
ble 7 -decays in converting to /3-decay branching ratios. 
The resulting log(/t)-values are presented in TableThe 
log(/t)-values are calculated according to the parametriza- 
tion of [23] with Qp+ = 12.076(16) MeV. The uncertainty 
on the log(/t)-value is dominated by uncertainty on the 
absolute ,0-decay branching ratio. The relative uncertainty 
on the absolute /3-decay branching ratios are an order of 
magnitude larger than the relative uncertainty on both 
the half-life and the excitation energy in ^^Na. 

Note that the measured log(/t)-values for the 5884(20) 
keV and the 8303(13) keV resonances, see Table are 
so low that the /3-decay to these two resonances defi¬ 
nitely is allowed, i.e. the two resonances must have I'^ = 


5 Discussion 

We start with a discussion of systematic effects and uncer¬ 
tainties. In the case of the measured Breit-Wigner widths 
r, which were presented in Table [^ the values obtained 
from the first silicon detector of the Gas-Si-Si telescope 
for the proton branches p 24 , P 25 , and p 26 all suffer from 
a systematic bias. This is caused by the fact that the as¬ 
sumed linear energy calibration is no longer valid close 
to the end of the ADC range. It results in systematically 
smaller center-of-mass energies and Breit-Wigner widths. 

Another point is the uncertainty associated with the 
energy calibration. The quoted uncertainties on the de¬ 
termined center-of-mass energies, which are presented in 
Table [^ only account for the statistical uncertainty of the 
line shape fit. However, the energy calibrations do suffer 
from systematic uncertainties which will add to the sta- 
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Table 6. Absolute /3 branching ratios and log(ft)-values compared to earlier results by [MS]. 


E*{^^Na) (keV) 

B.R. from ^^Mg (%) 


log(/t) 



This work 

m 

El 

This work 

0 

m 

3544.3(4) 

0.19(3) 

0.45(7) 

0.7(2) 

6.45(16) 

6.09(6) 

5.90(17) 

4294.3(6) 

2.5(4) 

5.36(31) 

3.7(6) 

5.14(16) 

4.82(2) 

4.99(8) 

4467.9(7) 

5.89(96) 

10.45(46) 

8.00(13) 

4.73(16) 

4.48(2) 

4.61(8) 

5020(9) 

1.18(19) 

2.53(25) 

1.2(3) 

5.27(16) 

4.95(4) 

5.26(16) 

5380(9) 

1.13(18) 

2.43(21) 

1.5(3) 

5.18(16) 

4.85(3) 

5.08(10) 

5770(20) 

0.0 

0.34(3) 

0.0 

- 

5.59(3) 

- 

5884(20) 

1.96(36) 

0.62(4) 

<1.7(3) 

4.90(18) 

5.30(3) 

>4.87(10) 

5979(15) 

0.0 

0.47(6) 

<0.9(2) 

- 

5.38(5) 

>5.07(10) 

6094(35) 

0.0 

0.14(1) 

0.0 

- 

5.86(3) 

- 

6165(30) 

0.26(4) 

0.0 

0.0 

5.68(15) 

- 

- 

6210(50) 

0.0 

0.14(2) 

0.0 

- 

5.84(6) 

- 

6341(20) 

0.21(5) 

0.86(7) 

0.0 

5.71(24) 

4.99(3) 

- 

6468(20) 

1.90(34) 

1.07(6) 

0.8(2) 

4.71(18) 

4.84(2) 

5.00(11) 

7609(15) 

1.88(36) 

0.0 

0.0 

4.26(19) 

- 

- 

8135(15) 

0.16(3) 

0.0 

0.0 

5.08(19) 

- 

- 

8303(13) 

0.5(1) 

0.31(3) 

0.4(1) 

4.5(2) 

4.60(3) 

4.56(20) 

8397(15) 

0.19(4) 

0.0 

0.0 

4.87(21) 

- 

- 

8464(15) 

0.0 

0.18(2) 

0.0 

- 

4.77(5) 

- 

8827(15) 

0.79(14) 

1.19(13) 

0.0 

4.01(18) 

3.73(4) 

- 

8975(4) 

2.3(4) 

2.79(16) 

2.8(4) 

3.45(17) 

3.26 

3.27(8) 

9725(25) 

0.010(2) 

0.0 

0.0 

5.3(2) 

- 

- 


tistical uncertainty of the line shape fit. From the proton 
branches emitted from resonances in which also de¬ 
cay by 7 emission the systematic uncertainty on the energy 
calibration is estimated to be close to 10 keV. 


5.1 Relative proton intensity 

The relative proton intensities measured were compared 
with earlier measurements by m in Table On several 
points we disagree with either one or both of the earlier 
measurements, but the main trend is the same. As already 
mentioned a systematic deviation with respect to the re¬ 
sults of [5] is observed. For pi to pi 4 the relative proton 
intensities tend to be systematic lower than measured by 
13, while for pi 5 to P 28 the relative intensities tend to 
be systematically larger. The results of |3 appear to fol¬ 
low the same systematic trend but some differences with 
our results remain. It does, however, indicate a systematic 
error in the results of | 3 . 

A closer look on the methods used in the earlier exper¬ 
iments makes it clear that the results, which we have ob¬ 
tained in the present work are more reliable. Both earlier 
measurements suffer from ,S-summing effects due to the 
use of non-segmented detectors. The solid angle of the 256 
individual pixels of the DSSSD is on average 0.030(1)% 
and it makes /3-summing effects negligible. In addition the 
line shape function used here constitutes an improvement 
compared to the normalized Gaussian functions used in |3 
13 , which help to minimize systematic errors due to a line 
shape that does not describe the physics case adequately. 


6 Summary and conclusions 

The /3-delayed emission of charged particles from ^^Mg has 
been measured at ISOLDE, CERN, with a set of charged 
particle telescopes. This has resulted in several new results 
which is summarized in the following list. 

— Seven new /3p branches were observed from the decay 
of ^^Mg out of a total of 27 /3p branches measured with 
energies between 0.39 MeV and 7.2 MeV. 

— An improved interpretation of the decay of ^^Mg has 
been proposed on the basis of the extracted spectro¬ 
scopic information obtained with a fit of the proton 
line shape. It is consistent with the results obtained in 
reaction studies. 

— As a consequence of the interpretation of the line shape 
of pi 5 to be due to the effect of interference with pn, an 
assignment of I'^ = I"*" for the 5020(9) keV resonance 
in ^^Na is made. 

— The peak piy has been assigned to the feeding to the 
first excited state, so the need of a resonance at 5979(15) 
keV only proposed in |3 is questionable. 

— The total width Ttot of the 5020(9) keV, 5380(9) keV, 
5884(20) keV, 6165(30) keV, 6341(20) keV, 8135(15) keV, 
and 8303(13) keV resonances in ^^Na has been mea¬ 
sured for the first time here - see Table Oandlll 

— For the 6468(20) keV resonance in ^^Na we constrain 
the total width to be close to the upper uncertainty 
limit of the previously measured value: Aot = 145(15) 
keV. 

— For the 8397(15) keV resonance in ^^Na we constrain 
the total width to be close to the lower uncertainty 
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limit of the previously measured value: Aot = 30(13) 
keV. 

— Finally we measured the half-life of to be T 1/2 = 
118.6(5) ms which is a factor of four improvement on 
the statistical uncertainty compared to the literature 
value. 

The modified interpretation calls for a dedicated mea¬ 
surement of both charged particles and 7 -rays to verify 
the new interpretation. The detection of the 7 -rays would 
also make a precise and accurate determination of abso¬ 
lute proton intensities possible. 

This work has been supported by the European Com- 
mision within the Seventh Framework Programme ’’Eu¬ 
ropean Nuclear Science and Applications Research”, con¬ 
tract no. 262010 (ENSAR), and by the Spanish research 
agency under number FPA2012-32443. 
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